Abstract-Needle shape, diameter, and path are critical parameters that directly affect suture depth and tissue trauma in autonomous suturing. This paper presents an optimizationbased approach to specify these parameters. Given clinical suturing guidelines, a kinematic model of needle-tissue interaction was developed to quantify suture parameters and constraints. The model was further used to formulate constant curvature needle path planning as a nonlinear optimization problem. The optimization results were confirmed experimentally with the Raven II surgical system. The proposed needle path planning algorithm guarantees minimal tissue trauma and complies with a wide range of suturing requirements.
I. INTRODUCTION
Suturing is one of the most challenging and time consuming of all surgical subtasks [1] . The limitations associated with the human operator along with the repetitive nature of suturing make it a candidate for automation. The framework of automated suturing relies on the surgeon for high level decision making while delegating the execution of lowlevel motions to the robot, potentially improving surgical outcome. Many research efforts focused on generating an initial needle path which can be updated in real time to adjust to environment changes. In [2] , an algorithm was developed to minimize the suture length and maintain orthogonal needle angle at the tissue entry point. Some studies [3] , [4] have proposed constant curvature path (CCP) planning in which the needle only rotates around its geometric center. It was argued that the CCP algorithm will result in minimal tissue trauma. However, due to the constrained motion, important suturing requirements such as suture depth may not be satisfied [5] . Needle reorientation inside the tissue is proposed in other studies [6] to better follow suturing requirements yet it may impose additional tissue trauma [7] . Despite the fact that surgeons select needle shape and diameter based on the tissue geometry [8] , previous studies have largely ignored these variables in their path planning formulations. This study, which is described in greater detail in [9] , extends the current research effort by developing an algorithm that includes tissue geometry as inputs, and needle shape, diameter and path as outputs. 
II. METHOD

A. Needle Motion
This paper focuses on needle motion in which the needle rotates about its geometric center, Fixed-Center Motion (FCM). There is a general consensus in the medical community that following the natural curvature of the needle produces the best suture [10] . The limitation of FCM is that any two combinations of suture parameters (defined below) will uniquely define the path. Due to this limitation, previous CCP planning algorithms only fulfilled a few suturing guidelines. We bypass this limitation by permitting, weighting, and minimizing error for all suture parameters.
B. Kinematic Modeling of the Fixed-Center Motion Path
Assumptions: The needle path planning can be formulated as a kinematics problem because FCM ideally creates small shear forces only. The needle is restricted to planar motion as implied by ideal FCM. The tissue geometry is assumed to be symmetric and is approximable by Fig. 1 . Lastly, access to needle shapes ∈ A n = { needle exit angle (β out ), and 6) distance between actual and desired needle exit points (e out ). Needle Variables: Each suture parameter is a function of four needle variables: the x position of the needle center (s 0 ), the y position of the needle center (l 0 ), the needle diameter (d c ), and the needle shape (a n ). The first two needle variables are referred to as the needle position, while the other two are referred to as the needle geometry. le diameter and position uniquely identify the needle path defined by the set of all − → P , which is given by:
Ideal Suture Parameters: Based on the suturing guidelines, it is possible to quantify ideal values for each suture parameter. The ideal β in and β out are π 2 . e in , e out , and s n should each be zero. d h is usually set to lio 2 , but can be changed if the surgeon prefers a different needle depth.
Kinematic Constraints: Kinematic constraints limit the solution set to physically viable options. For example, grasp must be able to properly switch between the two instruments, and the needle must enter the tissue from one side and exit from the other.
Optimization Formulation: The CCP of the needle can be formulated as a nonlinear optimization problem of suture parameters subjected to kinematic constraints:
In (1), J is the cost function and λ i are optimization weighting factors. SP a,i and SP d,i are the actual and desired values of each suture parameter, and ∆ i is the absolute error between SP a,i and SP d,i .
Solution Algorithm: The equation in (1) solves for four independent needle variables. This problem is solved numerically using a brute-force search algorithm in MATLAB. Note that the terms (∆ i ) in (1) have different units (rad for angles and mm for distances). Hence, each term is normalized to [0,1] to obtain the normalized cost function, J . 
III. ROBOTIC EXPERIMENTAL VERIFICATION:
A Raven II surgical robot was used to evaluate the proposed algorithm. A complete sequence of the needle motion is shown in Fig. 2 . Similar to [2] , a 3D-printed jaw-mounted needle guide was utilized to enable the needle driver to securely grasp the suturing needle. The suturing is completed on a ITM-30 tissue phantom from Simulab Corp. and the phantom was manipulated to modify tissue angle. Based on the results of the algorithm, a size 1 CTX taper point needle (Ethicon Inc.) with a n = 1 2 and d c = 30.55 mm was used. The inputs of the algorithm were λ 1 = λ 2 = ... = λ 6 = 1, γ = 4π 5 , l io = 16 mm, and w w = 5.5 mm. Eight trials of automated suturing were performed. The mean and standard deviation of each suture parameter is given in Table I .
IV. DISCUSSION AND CONCLUSION
In this paper, we presented a constant curvature path planning algorithm which minimizes tissue trauma and optimizes needle variables to satisfy recommended suturing guidelines. The main novelty of our method is to allow and minimize errors for all the suture parameters rather than satisfying just a few, as was considered in previous studies. losely match the simulation results despite several sources of error. The accuracy of the model was tested on a tissue phantom using the Raven II. The measured results indicate the model is accurate and the assumptions are reasonable.
